Background. In 2007, Malawi replaced sulfadoxine-pyrimethamine (SP) with an artemisinin-based combination therapy as the first-line treatment for uncomplicated Plasmodium falciparum malaria in response to failing SP efficacy. Here we estimate the effect of reduced SP pressure on the prevalence of SP-resistant parasites and the characteristics of the associated selective sweeps flanking the resistance loci.
The continued expansion of Plasmodium falciparum resistance to antimalarial chemotherapies is a threat to malaria control and elimination strategies. The return of drug susceptibility to some regions after drug policy changes has renewed interest that previously abandoned drugs, such as chloroquine and sulfadoxine-pyrimethamine (SP), might once again be clinically useful. Malawi was the first African nation to adopt SP as the first-line treatment of uncomplicated malaria, in 1993, in response to high levels of chloroquine resistance in Malawi. Within a decade of the removal of chloroquine pressure, chloroquine-susceptible parasites reemerged and predominated in Malawi [1] . Reemergence was shown, through analysis of selective sweeps, to be due to the expansion of diverse susceptible parasites that had survived chloroquine selective pressure [2, 3] . Within a decade of the switch to SP, treatment failures began to increase in Malawi in association with an increase in the prevalence of resistance polymorphisms within the genes encoding dihydrofolate reductase (DHFR)-thymidylate synthase (encoded by pfdhfr-ts) and dihydropteroate synthase (DHPS; encoded by pfdhps), which are responsible for SP resistance [4] . In 2007, SP was replaced by an artemisinin-based combination therapy (ACT). SP was still used after 2007 for intermittent preventive treatment of malaria in pregnancy (IPTp). Whether SP resistance in Malawi will, similar to chloroquine resistance, decline in the absence of drug pressure remains unknown.
Evidence for directional selection of antimalarial drug resistance polymorphisms has been demonstrated in the form of selective sweeps [5] [6] [7] . An allele that provides a fitness advantage will be favored and increase in frequency in a population. As the selected allele increases in frequency, so do flanking neutral markers in linkage with the selected allele, leading to a regional reduction in the heterozygosity of neutral markers flanking the advantageous allele. This phenomenon is referred to as a selective sweep [8] . Aside from providing evidence for positive directional selection of a specific resistance haplotype, the characteristics of a selective sweep can be used to infer the strength of selection and how epidemiological factors affect selection on temporal and spatial scales.
Selective sweeps flanking pfdhfr-ts and pfdhps have been shown in other African populations under SP pressure [9] . In the absence of SP pressure, resistance polymorphisms in pfdhfr-ts and pfdhps may confer a disadvantage to the parasite, allowing them to be outcompeted by susceptible parasites with fully functional DHFR and DHPS enzymes. Polymorphisms in pfdhfr and pfdhps have been shown to confer resistance to SP and to impair enzyme function in a synergistic manner [10, 11] . Under these circumstances, negative selection would begin to reduce the prevalence of the resistant genotypes, while recombination and mutation would begin to increase heterozygosity in markers flanking the resistance-conferring genes, degrading the selective sweep.
The purpose of this study was to estimate how changes in SP pressure affected both the prevalence of SP-resistant haplotypes and the characteristics of the associated selective sweeps. We aimed to test the hypothesis that SP pressure positively selected for SP-resistant haplotypes during a period of high SP use and that a subsequent reduction in SP pressure that occurred following the switch to ACTs in Malawi selected against these highly resistant parasites and allowed for the expansion of SP-susceptible parasites.
METHODS

Study Samples
All samples were collected from Ndirande district within Blantyre, Malawi. Samples from individuals with symptomatic malaria were obtained during 3 intervals. Samples from 1999 to 2001 (n = 689) and 2007-2009 (n = 623) were from individuals with clinical malaria who were participating in therapeutic efficacy studies. Samples from 2012 (n = 968) were from individuals with symptomatic malaria that was identified at the government health center [4, 12] . All samples were collected with informed consent and approval from the University of Maryland Baltimore and local institutional review boards.
Genotyping of Resistance Loci
DNA extraction from filter paper blood cards was performed on all collected samples, using a Qiagen BioRobot (Qiagen, Valencia, California) following the Investigator Bloodcard Protocol. Parasite genotypes at polymorphic sites within pfdhfr-ts and pfdhps were determined via pyrosequencing. Single-nucleotide polymorphisms within codons 51, 59, and 108 of pfdhfr-ts and codons 437, 540, and 581 of pfdhps were genotyped for all samples, using primers and amplification methods adapted from Zhou et al [13] . Pyrosequencing was performed on a PyroMark Q96 MD system (Biotage, Charlotte, North Carolina). Allele frequency was adjusted on the basis of a standard curve [14] . When a polyclonal infection was present, an allele with a relative frequency of ≥80% within a given infection was designated as the predominant allele. Haplotypes (series of pfdhfr-ts or pfdhps alleles) were constructed using only the predominant allele. Samples that were mixed at a single codon were treated as containing both possible haplotypes. Samples without a predominant allele at ≥2 codons were labeled "mixed genotype." Analyses performed both with and without inclusion of samples that were mixed at 1 codon did not significantly change the estimated prevalence of DHFR and DHPS haplotypes.
Genotyping of Microsatellites
To determine whether reduced heterozygosity around drug resistance genes was the result of selection or demographic processes, we measured expected heterozygosity (H e ; defined below) in 6 unlinked neutral loci (TA81, TA40, pfPK2, PolyA, TA87, and ARA2) located throughout the P. falciparum genome, using primers and protocols described by Anderson et al [15] . When multiple peaks were identified within the same sample, peaks that were at least one third of the height of the tallest peak were called, and the tallest peak was designated as the predominant allele [16] . Samples without a predominant allele at a given marker were designated as polyclonal. Only samples with a predominant allele were included in estimates of H e .
Microsatellites flanking pfdhfr-ts and pfdhps were genotyped for all samples. Eleven polymorphic microsatellites flanking pfdhfr-ts were genotyped using previously described primers and protocols [17, 18] ; 6 were upstream (−30 kb, −10 kb, −4.5 kb, −3.8 kb, −1.2 kb, and −0.3 kb), and 5 were downstream (+0.2 kb, +0.52 kb, +1.48 kb, +20 kb, and +50 kb). Eight polymorphic microsatellites flanking pfdhps were genotyped; 4 were upstream (−11.07 kb, −7.49 kb, −2.85 kb, and −0.13 kb), and 4 were downstream (+0.034 kb, +0.51 kb, +1.41 kb, +9.01 kb) of the gene, using primers described by Vinayak et al [19] . PCR cycling conditions were optimized from the original protocols (Supplementary Table 1 ). Fragment size was visualized using an Applied BioSystems 3730XL high-throughput 96-capillary DNA sequencer. Analysis of electropherograms was performed using GeneMapper software (version 4.0; ABI). A Perl script was used to assign the raw electropherogram scores to an integer allele size based on the expected repeat length and variation seen in the positive controls.
Statistical Analysis
DHFR and DHPS Haplotype Prevalence
The prevalence of each haplotype was estimated as the number of each haplotype observed among the successfully genotyped samples for each resistance gene, divided by the total number of successfully genotyped samples. Only samples with a genotyped allele at all assayed codons were used in the analysis. A SP-resistant haplotype was defined as a haplotype containing any number or combination of resistance polymorphisms (ie, polymorphisms that confer pyrimethamine or sulfadoxine resistance) at the genotyped codons within either of the resistance genes of interest. The SP-susceptible haplotype was defined as the wild type (ie, no mutations at any of the genotyped pfdhfr-ts and pfdhps codons). Samples with mixed-genotype at ≥2 codons within the same gene were excluded because a haplotype could not be determined. DHFR and DHPS haplotypes were treated and reported separately. χ 2 tests, with the Yates correction when appropriate, were used to determine whether haplotype prevalence differed significantly between the 3 periods.
H e H e , a measure of genetic diversity at each microsatellite locus, was calculated using the following standard equation for H e and variance: [20] .
RESULTS
Haplotype Prevalence
Complete pfdhfr-ts haplotypes were obtained for 394 samples from the period of high SP use, 563 samples from the transitional period, and 549 samples from the period of low SP use. For pfdhps, 550 samples from the period of high SP use produced complete haplotypes, 556 samples from the transitional period produced complete haplotypes, and 546 samples from the period of low SP use produced complete haplotypes. The analysis focused on sweep characteristics flanking DHFR 51I/59R/ 108N and DHPS 437G/540E haplotypes owing to the small number of double-mutant and single-mutant haplotypes for both pfdhfr-ts and pfdhps in the later periods. A statistically significant increase in the prevalence of the DHFR 51I/59R/108N was observed between the period of high SP use and the transitional period (87% to 97%; P < .0001; Figure 1A) . No change in the DHFR triple-mutant haplotype prevalence over the 5 years between the transitional period and the period of low SP use was observed (P = .94). Concurrent with the increase in the prevalence of the DHFR 51I/59R/108N haplotypes was a decline in the prevalence of the less resistant DHFR 51I/108N and 59R/108N. Unlike the increase in the DHFR 51I/59R/108N prevalence, the decrease in prevalence of the DHFR 51I/108N and 59R/108N haplotypes continued through the period of low SP use. The decrease was significant for both double-mutant haplotypes (P < .0001), although the decrease from the transitional period to the period of low SP use were borderline significant (51I/108N, P = .01; 59R/108N, P = .05). No parasites with susceptible alleles at all DHFR codons were observed in this study. In addition, there was a decrease in the prevalence of the mixed genotype infections (4% to 0%; P < .0001) between the period of high SP use and the transitional period, but there was no significant change in the mixed-genotype prevalence between the transitional period and the period of low SP use.
The DHPS 437G/540E haplotype prevalence increased from 84% to 95% (437G/540E, P < .0001) between the period of high SP use and the transitional period, but there was no significant change in haplotype prevalence between the transitional period and the period of low SP use (95%-97%; Figure 1B ). The DHPS 437G/540E/581G haplotype was not observed in the period of high SP use, but it was present at a low prevalence of 2% during the transitional period (P = .0044, compared with the period of high SP use) and 4% during the period of low SP use (P < .0001, compared with the period of high SP use); the prevalence in the transitional period was significantly different from that in the period of low SP use (P = .039). The prevalence of the haplotype containing all susceptible alleles within DHPS decreased between the period of high SP use and the transitional period (P < .0001), and there was no change between the transitional period and the period of low SP use. No change in haplotype prevalence was observed for the DHPS single-mutant 437G across any of the periods. A reduction in the prevalence of DHPS 540E was seen between the period of high SP use and the transitional period (P = .0044). Similar to the findings for pfdhfr-ts, a decrease in the prevalence of mixed-genotype infections was found between the period of high SP use and the transitional period (P < .0001), although there was no change in haplotype prevalence after the switch from SP to ACTs.
Characteristics of Selective Sweeps
Because of the lack of SP-susceptible parasites in the data set, changes in H e at flanking loci were compared to the average H e of the unlinked loci, and ±1 SD was used to assess the change in H e relative to the average unlinked H e for the sample set (Supplementary Figure 1) . The average H e at unlinked microsatellites was 0.872 for the period of high SP use, 0.897 for the transitional period, and 0.904 for the period of low SP use. These levels were not significantly different from each other (P = .55), though the difference between individual markers was sometimes significant (see Supplementary Figure 1) . None of the unlinked loci had H e of <0.8, consistent with estimates in other studies [3, 15, 17, 21, 22] .
A reduction in H e flanking the DHFR 51I/59R/108N (Figure 2A) , consistent with a selective sweep, was observed for all periods as compared to the average H e of the unlinked neutral microsatellites. At pfdhfr-ts, H e returned to that of unlinked markers at 30 kb downstream during the transitional period and the period of low SP use. Comparing the sweep characteristics from the three periods, we observed asymmetrical changes in H e across pfdhfr-ts-flanking microsatellites. Upstream changes did not show a consistent trend toward sweep expansion under continued drug pressure, although a reduction in H e was observed at the distal downstream edge of the sweep. An increase in H e after the reduction of SP pressure occurred at the most distal upstream edge of the sweep. However, no further degradation of the sweep was found between the transitional period and the period of low SP use.
Analysis of microsatellites flanking pfdhps also indicated the presence of selective sweeps flanking the locus in all 3 periods Figure 2 . Expected heterozygosity in microsatellite loci flanking the genes encoding Plasmodium falciparum dihydrofolate reductase (DHFR)-thymidylate synthase pfdhfr-ts (A) and dihydropteroate synthase (DHPS) ( pfdhps; B). Samples with missing data were excluded. Error bars represent ±1 SD. Dashed lines represent average genomic level expected heterozygosity, based on unlinked loci. The single asterisks indicate a significant difference between 2 periods. The double asterisk indicates a significant difference between all 3 periods, based on permutation. P values of <.05 were considered statistically significant. Abbreviation: SP, sulfadoxine-pyrimethamine. (Figure 2B) . H e at the genotyped flanking microsatellites did not return to the average H e of unlinked loci. The sweep flanking pfdhps extended at least 10 kb in either direction. Evidence of sweep degradation was found at the extreme edges of the observed sweep. However, overall sweep characteristics did not show a consistent increase or decrease in H e between periods.
Haplotype Origins
Mapping of microsatellite haplotypes indicated the pfdhfr-ts and pfdhps haplotypes to be of Southeast Asian origins as compared to V1/S, 3D7, and HB3 control strains (Supplementary Table 2 ). Analysis of the DHPS 473G/540E/581G haplotype indicated it arose from the DHFR 437G/540E genetic background present in Malawi.
We found that a 37% reduction in the absolute number of samples scored as polyclonal between the periods of high and low SP use (P < .0001). An intermediate reduction in polyclonal samples (33%) was also observed between the period of high SP use and the transitional period (P < .0001). The difference in polyclonal infections between the transitional period and the period of low SP use was not significant (P = .41).
DISCUSSION
Our study demonstrates the persistence of SP-resistant malaria and the presence of selective sweeps 5 years after the removal of SP as the first-line treatment of uncomplicated malaria in Malawi. Our findings suggest little to no fitness cost of the DHFR triple-mutant and DHPS double-mutant haplotypes in the absence of strong SP pressure under current epidemiological conditions. Our findings also present evidence that the DHPS 437G/540E/581G triple-mutant haplotype may be increasing in prevalence despite the switch to ACTs.
As we hypothesized, we have shown an increase in the prevalence of the most highly resistant DHFR and DHPS haplotypes, with a corresponding decrease in the prevalence of less resistant haplotypes and susceptible haplotypes, over the period of persistent high SP use (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , consistent with selection for the highly resistant haplotypes by SP pressure. However, in contrast with the pattern observed with chloroquine resistance, we did not see a decrease in the prevalence of highly SP-resistant parasites after SP removal as the first-line treatment for uncomplicated malaria. Near fixation of DHFR 51I/59R/108N and DHPS 437G/540E may contribute to the persistence of these highly resistant haplotypes, as few susceptible alleles and no susceptible parasites were found to compete with resistant parasites. Over a greater period, any slight fitness cost to the DHFR 51I/59R/108N and DHPS 437G/540E haplotypes might become more apparent.
Microsatellite analysis was successful in identifying and defining the characteristics of the selective sweeps flanking pfdhfr-ts and pfdhps within the 3 periods, but the changes in sweep characteristics (coupled with prevalence findings) did not suggest a strong fitness cost of the SP-resistant haplotypes. At pfdhfr-ts it appears that selective pressure was maintained and caused a further reduction in H e 20 kb downstream during the time of transition from SP to ACTs. After SP pressure was relaxed, in 2007-2008, an increase in H e occurred in the period of low SP use in both distal and proximal markers. The increase in H e is significant only upstream of pfdhfr-ts. In the absence of a decrease in prevalence of the DHFR triple mutant, it is likely that this increase in H e results from the natural decay of the sweep due to recombination over time. The pfdhfr-ts sweep characteristics do not show large-scale degradation of the sweep that would suggest a strong fitness cost of the triple-mutant haplotype in the absence of SP pressure. We cannot however rule out the possibility that compensatory mutations may have arisen on the Malawian genetic background that reduced the fitness cost of DHFR and DHPS resistant haplotypes [23, 24] . Asymmetry in H e , as seen flanking pfdhfr-ts and pfdhps, have been reported elsewhere and may be due to differences in mutation rates at each microsatellite locus [9, 17, 25] .
The removal of samples with missing data from the analyses reduced sample size and could have biased our findings against rare low-frequency haplotypes and artificially reduced H e . However, when sensitivity analyses were performed using samples with varying degrees of missing data, there was no effect on the overall sweep characteristics to suggest that the exclusion of missing data affected the study conclusions. In addition, Hale et al demonstrated that only 25-30 samples are needed to accurately estimate population-level genetic diversity [26] .
The decline of the DHFR double-mutant haplotypes without an increase in DHFR susceptible parasites implies continued selection against the DHFR double-mutant haplotypes in favor of the DHFR triple mutant, rather than a fitness cost to the DHFR double mutants, relative to the susceptible parasites. A limitation of estimating haplotype prevalence (as opposed to allele frequency) is the inability to directly attribute an increase in one haplotype to a decrease in another haplotype, as a prevalence estimate is relative to the number of humans sampled and not to the number of parasites sampled. Two recently published methods for determining multiplicity of infection allow for more-accurate assessment of allele/haplotype frequency (as opposed to haplotype prevalence) when assessing resistance allele dynamics [27, 28] . However, the low prevalence of mixedgenotype infections and no change in the proportion of polyclonal infections in 2007-2008 and 2012 suggest that using these methods would be unlikely to have a significant effect on our estimates of haplotype prevalence in this study.
The decline in mixed-genotype infections and the reduction in polyclonal infections in the absence of any change in average H e at unlinked loci is consistent with a reduction in malaria transmission in Malawi throughout the 3 study periods. It is likely that sustained drug pressure through 2007, as well as an overall reduction in malaria transmission through malaria control measures and access to effective antimalarial medication, led to the reduction in mixed-genotype and polyclonal infections. A consequence of reducing the amount of malaria in a region may be the extinction of rare haplotypes (such as SP susceptible) due to genetic drift. With little or no selective pressure against the SPresistant haplotypes, these haplotypes may reach fixation and further reduce the likelihood of a reemergence and expansion of SP-susceptible haplotypes. A minimal metabolic cost to the resistant haplotypes may lead to many decades of persistent SP resistance and prohibit the future clinical use of SP.
Our finding of continued high rates of SP-resistant parasites despite cessation of SP use for the treatment of malaria could also be due in part to antifolate drug pressure that continues from other sources. Use of trimethoprim-sulfamethoxazole (TMP-SMZ) as prophylaxis in people living with HIV and for treatment of acute illnesses and low-level SP pressure through SP-IPTp may be sources of continued selection for SP resistance mutations, because they both act upon the same folate enzymes (DHFR and DHPS) and laboratory evidence suggests crossresistance [29] . However, to date, there is no evidence that TMP-SMZ has any impact on the prevalence of SP-resistant alleles or that SP resistance influences TMP-SMZ efficacy [30, 31] . In addition, Iriemenam et al found the impact of SP-IPTp on the increase of SP-resistant parasites in pregnant women to be minor, compared with the use of SP for case management in the general population, and therefore it is possible that SP-IPTp may not be the sole cause of the sustained high prevalence of SP resistance in Malawi [32] .
Our data confirm the findings by Taylor et al that the Malawian 581G allele arose on the DHPS double-mutant genetic background but indicate that the 581G haplotype emerged by 2007, 3 years earlier than previously reported [33] . The increase in the DHPS 437G/540E/581G prevalence across the 3 periods suggests continued selection for this haplotype. Too few DHPS triple mutants (437G/540E/581G) were found in 2012 to meaningfully assess the extent of recent selection of this haplotype. The increase in the prevalence of the DHPS 437G/540E/581G haplotype could threaten the efficacy of ongoing SP-IPTp in the nation as the presence of 581G allele is associated with SP-IPTp failure [34] . Ongoing molecular monitoring of the 437G/540E/581G haplotype prevalence and SP-IPTp treatment should be performed to determine the influence (if any) this selection could have on IPT efficacy in Malawi.
These data suggest that, in contrast to the rapid and complete return of fully chloroquine-susceptible parasites after cessation of chloroquine use, a similar resurgence of SP susceptibility in Malawi or in similar epidemiological settings is unlikely. Not only did high-level SP resistance persist for 5 years after the removal of SP as the first-line treatment of uncomplicated malaria, but the prevalence of the DHPS 437G/540E/581G haplotype increased. In the face of expanding ACT resistance in Southeast Asia with a risk of spread to Africa, other antimalarial drug classes, perhaps including chloroquine, must be explored, as SP will likely remain an ineffective treatment for uncomplicated malaria in Malawi for the foreseeable future.
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